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Fragile sites are specific loci that form gaps, constrictions, and breaks on chromosomes exposed to partial
replication stress and are rearranged in tumors. Fragile sites are classified as rare or common, depending on
their induction and frequency within the population. The molecular basis of rare fragile sites is associated with
expanded repeats capable of adopting unusual non-B DNA structures that can perturb DNA replication. The
molecular basis of common fragile sites was unknown. Fragile sites from R-bands are enriched in flexible
sequences relative to nonfragile regions from the same chromosomal bands. Here we cloned FRA7E, a common
fragile site mapped to a G-band, and revealed a significant difference between its flexibility and that of
nonfragile regions mapped to G-bands, similar to the pattern found in R-bands. Thus, in the entire genome,
flexible sequences might play a role in the mechanism of fragility. The flexible sequences are composed of
interrupted runs of AT-dinucleotides, which have the potential to form secondary structures and hence can
affect replication. These sequences show similarity to the AT-rich minisatellite repeats that underlie the
fragility of the rare fragile sites FRA16B and FRA10B. We further demonstrate that the normal alleles of
FRA16B and FRA10B span the same genomic regions as the common fragile sites FRA16C and FRA10E. Our
results suggest that a shared molecular basis, conferred by sequences with a potential to form secondary
structures that can perturb replication, may underlie the fragility of rare fragile sites harboring AT-rich

minisatellite repeats and aphidicolin-induced common fragile sites.

Fragile sites are specific loci that appear as constrictions,
gaps, or breaks on chromosomes from cells exposed to partial
inhibition of DNA replication (16). They are classified as rare
or common, depending on their frequency within the popula-
tion and their specific mode of induction. Rare fragile sites
(n = 28, as listed in the Genome Database [GDB]) appear in
<5% of the human population and segregate in specific fam-
ilies. Most rare fragile sites are induced by folate deficiency,
and others are induced by DNA minor groove binders (52).
Common fragile sites (n = 89, as listed in the GDB), on the
other hand, are considered to be an intrinsic part of the chro-
mosomal structure and are thought to be present in all indi-
viduals. Most common fragile sites (n = 76) are induced by
aphidicolin (16), an inhibitor of DNA polymerases « and 3.
After induction with replication inhibitors these sites are in-
volved in sister chromatid exchange, deletions and transloca-
tions, gene amplification, and plasmid integration (reviewed in
reference 15). Common fragile sites also correlate with chro-
mosomal breakpoints in tumors (22, 61) and were shown to
play a role in the in vivo occurrence of deletions and translo-
cations (reviewed in reference 44), gene amplification (24),
and integration of foreign DNA (37, 54, 59). Despite their
inherent instability, several common fragile sites are conserved
between mice and humans (17, 29, 49), indicating the impor-
tant biological role of these sites.

Seven rare fragile sites have been characterized at the mo-
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lecular level: five folate sensitive fragile sites were cloned and
found to consist of expanded tandem CGG microsatellite re-
peats (>200 copies) (28; reviewed in reference 53). These
repeats are capable of adopting unusual, non-B DNA struc-
tures, such as hairpins (12), slipped strand (S)-DNA (41, 42),
or quadruplex DNA (11). These various DNA secondary struc-
tures can perturb the elongation of DNA replication in vitro
and in vivo (47, 55). Two non-folate-sensitive rare fragile sites
were cloned as FRA16B and FRA10B, induced by distamycin
A and/or bromodeoxyuridine (BrdU) (25, 60). They are com-
prised of polymorphic AT-rich minisatellite repeats, and their
expression is associated with expansion of one or more of the
repeats, up to several kilobases. The expanded FRA16B and
FRAI10B repeats are highly similar and contain inverted re-
peats able to form hairpin structures (reviewed in reference 19).

Six common fragile sites have been cloned and character-
ized: FRA3B (3, 40, 43, 58, 59, 62), FRA7G (24, 27), FRATH
(37), FRA16D (34, 45), FRAXB (1), and FRAGF (38). The
cytogenetic expression (gaps and constrictions) of these sites is
visible along large genomic regions spanning hundreds to thou-
sands of kilobases. Studies of replication time revealed a per-
turbed elongation of DNA replication along common fragile
regions (23, 24, 31, 56), indicating that the fragile sequences
have intrinsic features that might delay replication. However,
no expanded repeats, nor any other specific sequences that
could perturb replication, were identified.

Mammalian chromosomes are organized into regions, R-
and G-bands, which differ in their structure and function. Gen-
erally, G-bands are AT-rich and gene-poor and undergo DNA
replication late in the S phase of the cell cycle. R-bands are
GC-rich and gene-rich and undergo DNA replication early in
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the S phase (13). G- and R-bands differ also in the organization
and localization of replication foci (9, 46), as well as in the
organization and level of condensation of their chromatin (13).
In the absence of any obvious DNA sequences that could
account for the fragility at common fragile sites, we previously
studied DNA helix flexibility, a structural characteristic of the
DNA that might affect DNA replication and chromatin con-
densation. We found that G-bands are enriched in clusters of
flexible sequences compared to R-bands (36). Furthermore,
the cloned fragile sites, all mapped to R-bands, were found to
be enriched in clusters of sequences with high DNA flexibility
relative to nonfragile sequences from R-bands, resembling the
flexibility of G-bands (35-38, 45). Thus, in order to better
understand the contribution of DNA flexibility to the fragility
at common fragile sites, it was important to analyze the flexi-
bility of common fragile sites mapped to G-bands.

Here we describe the cloning of FRA7E, a common fragile
site mapped to the G-band 7q21.11. We found a significant
higher DNA flexibility in fragile regions mapped to G-bands
relative to nonfragile regions mapped to the same bands.
These results support the hypothesis that the flexible se-
quences contribute to the mechanism of fragility. Moreover,
we show that flexible sequences are composed of interrupted
AT-dinucleotide repeats, highly similar to the AT-rich repeats
expanded in the rare fragile sites FRA16B and FRA10B. We
further show that nonexpanded alleles of these rare fragile
sites span the same genomic regions as the aphidicolin-induced
common fragile sites, FRA16C and FRAI10E, respectively.
These results suggest that a shared mechanism, conferred by
sequences with a potential to form secondary structures, can
perturb replication and lead to fragility at both rare fragile sites
harboring AT-rich minisatellite repeats and aphidicolin-in-
duced common fragile sites.

MATERIALS AND METHODS

Cells and growth conditions. The simian virus 40-transformed human fibro-
blast cell line GM00847 (Coriell Cell Repository, Camden, N.J.) was grown in
Eagle minimal essential medium supplemented with 10% fetal calf serum.

Physical map of DNA clones at the FRA7E region. A DNA sequence-based
map of chromosome 7q21.11 was constructed from the finished sequences of the
GenBank database. The assembled map with no physical (clone) gaps represents
a consistent presentation of the order of DNA markers in comparison to our
other studies, which used additional technologies of radiation and somatic cell
hybrid mapping, as well as fluorescence in situ hybridization (FISH). (Additional
information is available online [http://www.genet.sickkids.on.ca/chromosome7/].)

Preparation of chromosomes and induction of fragile sites. Cells were grown
on coverslips, and common fragile sites were induced by growing the cells in
M-199 medium in the presence of 0.4 uM aphidicolin and 0.5% ethanol, with or
without 2.2 mM caffeine, for 24 h prior to the fixation of chromosomes by
standard procedures. Induction of rare fragile sites was performed by adding 32.5
M BrdU for 24 h, as previously described (52).

FISH. DNA clones (YAC, PAC, and BAC) were labeled with digoxigenin
(DIG)-11-dUTP (Boehringer Manheim) by nick translation. DIG-labeled probes
were detected with fluorescein isothiocyanate (FITC)-conjugated sheep anti-
DIG specific antibodies (Boehringer Mannheim). FISH on metaphase chromo-
somes was performed as previously described (32).

Cytogenetic analysis of hybridization signals and fragile sites. Green and red
fluorescence were visualized by using a Nikon B-2A filter cube. For weak signals
a modified Chromatech HQ-FITC (Chroma Technology, Brattleboro, Vt.) filter
set was used (excitation band, 460 to 500 nm; emission band, 520 to 600 nm).
Images were captured with an intensified charge-coupled device imager (Paultek
Imaging, Grass Valley, Calif.) and digitized with a frame grabber (Imascan/
MONO-D; Imagraph, Chelmsford, Mass.). The Image-Pro PLUS program
(Media Cybernetics, Silver Spring, Md.) was used to measure the fragile site-
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telomere distance relative to the total length of the chromosome and compared
to the GDB mapping of the fragile sites, as previously described (37).

PCR of FRA10B alleles. PCR across the FRA10B locus was performed on
DNA from GMO00847 cells with primers F1, F2, and R (25). The PCR was
performed as previously described (25).

DNA sequences. Large genomic sequences were retrieved by the UCSC Ge-
nome Browser (http:/genome.ucsc.edu/cgi-bin/hgGateway; obtained from the
November 2002 Freeze of the Human Genome Database); sequences of specific
clones and of short segments within clones were retrieved from GenBank. Frag-
ile-site sequences for flexibility analysis (see below) include the entire regions
reported to span the cloned common fragile sites. Controls for flexibility analysis
were chosen from large, fully assembled (phase 3 high-throughput genomic
sequence data only) genomic sequences, mapped at the 850-band resolution to
chromosomal bands harboring no fragile sites. All of the sequences that were
used for the flexibility and PileUp analyses (see below) are listed in Tables 1 and
2, respectively.

Computational analysis of DNA flexibility. To evaluate DNA flexibility, we
used a measure of the potential local variations in the DNA structure, expressed
as fluctuations in the twist angle (48). This measure provides average fluctuations
in the twist angle for each of the possible dinucleotides and thus enables the
evaluation of the flexibility of a DNA sequence by summation of these values. To
carry out the analysis, we developed a computer program, TwistFlex (http://www
jail.cs.huji.ac.il/~netab/index.html), based on our previous program, FlexStab
(37), which can calculate flexibility measures of DNA sequences of any size. The
analysis was performed in overlapping windows of 100 bp. Dinucleotide values
were summed along the window and averaged by the window length. Windows
with values of >13.7° were considered as flexibility peaks. Since the window
length is 100 bp, flexibility peaks that were <100 bp apart were considered one
flexibility peak. TwistFlex can also analyze clusters of flexibility peaks, which we
defined as at least three flexibility peaks in which the distance between any two
adjacent peaks is =<5 kb.

Computational analysis of DNA sequence and structure. Multiple sequence
alignment was performed by using the PileUp program. Alignments of pairs of
DNA sequences were performed by using the Gap program. Secondary structure
analyses of single-stranded DNA sequences were carried out by using the MFold
program with DNA free-energy parameters. All of these programs are from the
GCG package.

Secondary structure t. We assessed whether the stable secondary
structures, predicted for the single-stranded DNA of the flexibility peaks, stem
from their high A/T composition per se or due to their specific sequence orga-
nization. For this, we compared the free-energy values of each potential structure
to those of same-length random sequences with identical base compositions.
From each flexible sequence we generated by computer shuffling 100 random
sequences with equal base compositions. Each random sequence was submitted
to MFold, and its secondary structure was predicted along with its free-energy
value. The significance of the original structure was assessed by the fraction of
times that the shuffled sequences’ structures had lower free-energy values than
the original structure.

Analysis of flexibility clusters. Fragile-site sequences and nonfragile sequences
were divided into regions 500 kb in length. For each such region the number of
clusters of flexibility peaks was counted. The significance of the difference in the
number of clusters between fragile and nonfragile regions was assessed by using
the Mann-Whitney test.

Analysis of base composition. The composition of A/T bases and of AT-
dinucleotides was computed for the sequences of flexibility peaks and for their
flanking sequences. The difference in base composition (dinucleotide composi-
tion) between these two types of sequences was evaluated by a median test.

RESULTS

FRAT7E spans a large genomic region at the G-band 7q21.11.
The G-band mapped common fragile site cloned and charac-
terized in the present study is FRA7E. Our preliminary results
showed that FRATE is proximal to the PGY genes, which are
mapped to the G-band 7q21.1 (data not shown). Thus, we
constructed a physical map proximal to PGY at 7q21.1 (Fig. 1).
We determined the location of clones from this region relative
to the FRA7E gaps and constrictions by FISH on metaphase
chromosomes from GM00847 cells induced by aphidicolin to
express fragility. Clones were considered as spanning FRA7E
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TABLE 1. Sequences analyzed by TwistFlex
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Chromosomal region Chromosomal position® First DNA marker” Last DNA marker” Length (Mb) Source or reference
G-bands
FRATE chr7:79-83.5Mb D7S1934 SHGC-104456 4.5 This study
FRAT71¢ chr7:142.9-144.4Mb SHGC-153624 SWSS2627 1.5 7
Controls (nonfragile) chr10:9.5-11.15Mb (10p14) SHGC-147592 WI-4120 1.65
chr10:11.25-12.1Mb (10p14) RH27102 SHGC-57578 0.85
chr12:16.5-18.5Mb (12p12.3) B224C2/T7 UT2022 2
chrX:41.8-42.9Mb (Xp11.3) HUMUT1223 DXS1708 1.1
chrX:115.4-116.9Mb (Xq25) SWXD1380 AFM164TG1 1.5
chrX:117.1-119Mb (Xq25) DXS7597 HUMSWX2784 1.9
R-bands
FRA7G chr7:110.7-115Mb SHGC-143971 RH44861 4.3 24
FRA3B ¢chr3:59.3-60Mb SHGC-86352 RH41625 0.7 3
chr3:60.4-63.3Mb SHGC-102025 RH26408 2.9
FRAGF chr6:111600834-112591783bp SHGC-144121 SHGC-82095 0.99 38
FRAXB chrX:5855178-6311942bp DXS7731 DXS9036 0.46 1
FRA16D? chr16:79329316-79691715bp SHGC-150973 WI-2755 0.36 45
FRA7H® chr7:128848390-129012733bp D7S614 STSG33533FS 0.16 37
Controls (nonfragile) chr20:0.1-5Mb (20p13) D20S210 RH70061 4.9
chr14:50-51.5Mb (14q22.3) SHGC-149912 RH53548 1.5
chr14:90.2-92Mb (14q32.31) RH44545 SHGC-10799%4 1.8
Total 33.1

“ Positions are denoted according to the November 2002 freeze of the UCSC human sequence assembly.
® DNA markers mapped to the ends of the analyzed sequence.

¢ Analysis was performed on clones AC004981 to AC006315.
4 The genomic sequence was retrieved based on AF217490.
¢ The genomic sequence was retrieved based on AF017104.

if, on different chromosomes from the same preparation, their
hybridization signals appeared proximal to, distal to, or on
both sides of FRA7E gaps and constrictions. Since there are
several common fragile sites along 7q, we used computational
image analysis to identify FRA7E (see Materials and Meth-
ods). Our analysis revealed that genomic clones from 7q21.11
span the FRAT7E region (Fig. 1 and 2 and Table 3). Interest-
ingly, clones AC004866 and AC004960 hybridized mostly distal
to the gaps and constrictions of FRA7E, although they are
flanked by clones that equally hybridized distally and proxi-
mally to the fragile region. This pattern might reflect the ex-
istence of two adjacent fragility “hot spots” that flank these
clones, which are too close to be distinguished cytogenetically.
Hence, induction of FRA7E can lead to an unusual chromatin
organization exhibited as gaps and constrictions along a large

genomic region of at least 4.5 Mb of DNA. The distal boundary
of the FRAT7E region is yet to be determined.

Common fragile sites mapped to G-bands exhibit signifi-
cantly higher DNA flexibility compared to nonfragile regions.
The analysis of the FRA7E sequence did not reveal any clear
feature that could account for its fragility. Thus, we performed
DNA flexibility analysis, previously suggested to play a role in
the mechanism of fragility. The analysis was performed by
using TwistFlex, a new computer program based on our pre-
vious program, FlexStab (37), which identifies DNA sequences
with potential high flexibility (flexibility peaks), as well as clus-
ters of such sequences (see Materials and Methods), at geno-
mic regions of any size. The analysis was performed on the
entire regions spanning FRA7E and FRAT7I, a recently cloned
common fragile site assigned to the G-band 7q35 (7), and on

TABLE 2. Sequences analyzed by PileUp

Sequence Region Clone Base positions Length (bp)
Expanded” FRA10B 17°-3 FRA10B AF053530 1-153 153
Expanded FRA10B 17-5’ FRA10B AF053529 36-446 411
Expanded FRA16B FRA16B U85253 347-558 212
Flex® FRATE FRATE AC004903 63367-927 561
Flex FRA3B FRA3B AC098482 38111-468 358
Flex FRA7G FRA7G AC079621 72472-74661 2,190
Flex, nonfragile 1 Nonfragile (10p14) AL136318 37617-38537 921
Flex, nonfragile 2 Nonfragile (20p13) AL161656 90364-91192 829
Non-flex! FRATE FRATE AC004880 24701-910 210
Non-flex, nonfragile Nonfragile (12p12.3) AC007528 109441-660 220

“ Expanded, minisatellite repeats expanded in the rare fragile-site alleles.
® Allele no. 17 of the FRA10B locus.

¢ Flex, an AT-dinucleotide-rich flexibility island.

4 Non-flex, a nonflexible sequence with >78% A/T.
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FIG. 1.

Physical map across the FRA7E region at 7q21.11. The order and extent of overlap of BAC, PAC, and YAC clones (shown as lines

or solid bars) was based on their DNA marker content. Clones used for FISH analysis are named and marked as solid bars. The full information
on this contig can be found in the Genome Database and at http://www.genet.sickkids.on.ca/chromosome7/.

nonfragile sequences mapped to G-bands (Table 1 and Mate-
rials and Methods). The analysis revealed significantly more
clusters of flexibility peaks in FRA7E and FRA7I than in the
nonfragile regions (P < 0.01; Table 4). These results indicate
that common fragile sites mapped to G-bands are highly en-
riched in clusters of sequences with high DNA flexibility rela-
tive to nonfragile regions from these bands. A similar signifi-
cant difference was previously identified between fragile and
nonfragile sequences mapped to R-bands (36). Since the
former analysis was performed on relatively short genomic
sequences (cosmids, BACs, and PACs), we extended the anal-
ysis of R-bands to sequences of large, fully assembled genomic
contigs (Table 1). A significant difference in the number of
flexibility clusters was identified between the fragile and non-

Distal Proximal Both sides

FIG. 2. Examples of FISH signals relative to FRA7E. FISH anal-
ysis was performed on metaphase chromosomes from GMO00847 cells
following aphidicolin treatment. FITC-labeled RPCI11-105J12 (left
and middle panels) shows signals distal and proximal to FRA7E on
different chromosomes. FITC-labeled AC004892 (right panel) shows
signals on both sides of FRA7E. Probes from the FRA7E region were
cohybridized with a probe distal to FRA7E to identify chromosome 7.
The images show propidium staining (upper panel) and FISH with
FITC-labeled probes (lower panel). The arrows point to FRA7E.

fragile regions mapped to R-bands (P < 0.05; Table 4). Thus,
in both G- and R-bands the fragile regions are enriched in
clusters of sequences with high DNA flexibility relative to non-
fragile regions.

The sequences of flexibility peaks are similar to AT-rich
repeats in rare fragile sites. In order to further understand the
possible contribution of sequences with high DNA flexibility to
the molecular basis of fragility at common fragile sites, we
analyzed the sequence composition and organization of the
flexibility peaks found in >33 Mb of the studied genomic DNA
(fragile and nonfragile regions; see Table 1). The analysis re-
vealed that the flexible sequences, ranging in size from 100 bp
to several hundred base pairs, are composed of a very high A/T
content (78% = 1.4%), significantly different from that of their
nonflexible flanking sequences (61% * 3.6%) (P < 0.001). In
addition, the flexible sequences are particularly rich in AT-
dinucleotides (21% =+ 0.5%), a finding significantly different
from the frequency found in nonflexible sequences (8% = 1%)
(P < 0.001). These results were expected from the thermody-
namic calculations used by the TwistFlex program (48). How-
ever, the flexible sequences are enriched also in TA-dinucle-

TABLE 3. FISH analysis of chromosomes expressing FRA7TE

No. of chromosomes with signals (%)

Clone

Proximal Both sides Distal
AC003988 24 (100) 0(0)
AC004880 18 (95) 1(5)
AC004972 9 (53) 8 (47)
AC004866 2(6) 1(3) 32(91)
AC004960 2 (11) 16 (89)
AC004892 17 (49) 1(2) 17 (49)
AC005159 11 (61) 3(17) 4(22)
AC004894/AC004006 25 (71) 1(3) 9 (26)
NH_0099P20/RPCI11-105J12 20 (34) 2(3) 38 (63)
AC006322/AC004848 8 (18) 2(5) 34 (77)
AC004907 9 (35) 17 (65)
HSC7E596/AC006151 4 (13) 26 (87)
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TABLE 4. Flexibility analysis of genomic regions
from G- and R-bands

Chromosomal No. of flexibility =~ No. of flexibility

region Sequence islands/Mb  clusters/Mb (P)*
G-bands Fragile sites 57 3.3(<0.01)
Nonfragile regions 33 0.8
R-bands Fragile sites 34 1.3 (<0.05)
Nonfragile regions 18 0.2

¢ Flexibility clusters are defined as =3 flexibility islands in which the distance
between any two adjacent islands is =5 kb. P values were calculated for the
difference between fragile and nonfragile sequences.

otides (20% = 0.5), compared to nonflexible sequences (7% *
1%) (P < 0.001). Moreover, the AT/TA-dinucleotides appear
in the flexibility peaks as interrupted runs (see an example in
Fig. 3A). We therefore termed the flexibility peaks AT-dinu-
cleotide-rich flexibility islands.

We found the sequence composition (high A/T content) and
organization (high level of AT-dinucleotides) of these islands
reminiscent of the AT-rich repeats in the BrdU and/or dista-
mycin A-induced rare fragile sites, FRA16B and FRA10B (25,
60). Each of these rare fragile sites contains a long (>1-kb)
AT-rich sequence comprised of several repeats, of which one
or more might expand and lead to fragility. In order to examine
the sequence similarity among the AT-rich sequences in com-
mon and rare fragile sites, we performed a multiple sequence
alignment of the following sequences: the repeats expanded in
the FRA16B and FRA10B rare fragile site alleles (“expand-
ed,” Table 2), AT-dinucleotide-rich flexibility islands (flex)
from several common fragile sites (FRA7G, FRA3B, and
FRA7E) and from nonfragile regions, and nonflexible se-
quences with a similar A/T content (non-flex). As shown in Fig.

A
gatatataactgaaanaaatacaatatictgtatctgcggaaaaaticcagaatatatat
gittatatatatataacgttatatatatgtitatatatatataacattatatatatgtitat
atatatataacattatatatataaaaticcagaatatatgtaatatacatatgtiicgaa
tatataaaatatiatatgtatatgtaaticaagaatatatatatiatgtatataatataa
tgittigaatatatataaasacattagecgggeatggtggcteacgectgt

FIG. 3. Sequence and secondary structure of an AT-dinucleotide-
rich flexibility island. (A) Sequence of a 294-bp AT-dinucleotide-rich
flexibility island (clone AC079799, 146129 to 146422 bp) from FRA7E.
AT-dinucleotides are in boldface. (B) Predicted secondary structure by
MFold of the AT-dinucleotide-rich flexibility island shown in panel A.
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————expanded FRA16B

flex FRA7G

r ——————expanded FRAI0B 17-3°

expanded FRA10B 17-5

flex, non-fragile 2

flex FRATE

flex FRA3B

flex, non-fragile 1

non-flex, non-fragile

non-flex FRA7E

FIG. 4. Multiple sequence alignment of AT-dinucleotide flexibility
islands and sequences from FRA16B and FRA10B. The dendrogram
shows the clustering relationships used to determine the order of
pairwise alignments that together create the final multiple sequence
alignment. The distance along the vertical axis is proportional to the
difference between sequences. Shown are sequences from the FRA16B
and FRA10B expanded repeats (note that the fully expanded FRA10B
sequence is not available; thus, the 5" and 3’ sequences of the ex-
panded region were analyzed), five AT-dinucleotide-rich flexibility is-
lands from three fragile regions and two nonfragile regions, and two
nonflexible sequences with an A/T content (>78%) similar to that of
the flexibility islands. For the genomic localization and lengths of these
sequences, see Table 2.

4, when the sequences were grouped by their similarities, no
higher intrasequence similarity in the groups of rare and com-
mon fragile sites was revealed. Moreover, the analysis showed
that the repeat sequences from FRA16B and FRA10B, previ-
ously shown to be highly similar (19), might have even a higher
similarity to AT-dinucleotide-rich flexibility islands (Fig. 4, ex-
panded FRA16B to flex FRA7G and expanded FRA10B to
flex nonfragile 2). Further analysis of the level of similarity
between pairs of sequences revealed that the FRA16B repeats
are 70 and 78% similar to the 3’ and 5’ sequences of the
FRAI10B allele, respectively, and 77 and 76% similar to the
flexibility islands from FRA7G and from nonfragile region 2,
respectively. In comparison, the similarity between the
FRA16B and FRA10B repeats and the nonflexible sequences
with the same A/T content is only ~50%. Thus, AT-rich se-
quences from rare and common fragile sites have a similar
sequence composition and organization.
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TABLE 5. Colocalization of BrdU and/or distamycin A-inducible
rare fragile sites with aphidicolin-induced common fragile sites

Rare fragile site Common fragile site Chromosomal mapping

FRASE FRAS8C 8q24.1
FRA10B FRAI10E 10q25.2
FRAI1I FRA11C 11p15.1
FRA12C FRAI12E 12q24
FRA16B FRA16C 16g22.1
FRA16E 16p12.1
FRAI7A Unnamed* 17p12

“ Reported by Simonic and Gericke (50).

AT-rich rare fragile sites and common fragile sites span the
same genomic regions. The similarity between AT-rich se-
quences from rare and common fragile sites raises the question
whether the normal alleles of these rare fragile sites could also
be the sites of aphidicolin-induced common fragile sites. Thus,
we examined the cytogenetic mapping of the seven BrdU-
and/or distamycin A-inducible rare fragile sites reported in the
GDB and found that six of them are mapped to the same
chromosomal band as aphidicolin-induced common fragile
sites (Table 5). In order to investigate the possibility that the
rare and common fragile sites actually span the same genomic
regions at the molecular level, we analyzed the localization of
the currently cloned rare fragile sites, FRA16B and FRA10B,
relative to the common fragile sites FRA16C and FRA10E,
respectively. First, we sought to exclude the remote possibility
that the analyzed GMO00847 cells carry expanded alleles at the
FRA16B or FRA10B loci. Hence, we treated the cells with
BrdU to induce fragility. No gaps or constrictions were found
on 100 chromosomes 16 or 10. Furthermore, we performed
PCR and sequence analysis of the FRA10B locus and found
that it comprises a small normal allele identical to the small
normal allele 2 reported by Hewett et al. (25; data not shown).
Together, these results indicate that GM00847 chromosomes
carry normal alleles at the FRA10B and FRA16B loci. Subse-
quently, we performed FISH analysis with the clones AC123909
and AC021035, each containing a normal allele of FRA16B
and FRA10B, respectively, on metaphase chromosomes treated
with aphidicolin to induce fragility. The analysis showed that
these clones span the gaps and constrictions of the common
fragile sites FRA16C and FRAIOE, respectively (Fig. 5). Thus,
the BrdU and/or distamycin A-inducible rare fragile sites
FRA16B and FRA10B and the aphidicolin-induced common
fragile sites FRA16C and FRA10E span the same genomic
regions, respectively.

Based on the previous result that aphidicolin-induced com-
mon fragile sites are large genomic regions enriched in clusters
of flexibility islands, we performed TwistFlex analysis on 1.1
MD of contiguous sequence from the FRA16C/FRA16B region
(between markers SHGC-141023 and RH102921) and 2.4 Mb
of contiguous sequence from the FRAI0E/FRA10B region
(between markers RH51139 and RH17163). No flexibility clus-
ters were found in these regions. However, in the
FRA16C/FRA16B region an exceptional >3.4-kb AT-rich flex-
ibility island was identified (at 134256 to 137689 bp in
AC123909), which contains the FRA16B minisatellite repeats
and their flanking AT-rich repeats (60). In the FRAI0E/
FRAI10B region, two long, >1.1-kb AT-dinucleotide rich flex-
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ibility islands (180 kb apart) were found (at 144218 to 145400
bp in AC021035 and at 24605 to 25779 bp in AL607043). The
flexibility island in the AC21035 clone harbors the FRA10B
repeats (25). These very long AT-dinucleotide flexibility is-
lands might contribute to the fragility at the FRA16B/FRA16C
and FRA10B/FRA10E genomic regions.

AT-dinucleotide flexibility islands can readily fold into DNA
secondary structures. The repeats of AT-rich rare fragile sites
were shown to have the potential to form hairpin structures,
which have been suggested to perturb the elongation of DNA
replication (18). Based on the similarity between these repeats

A

C
Clone/ No. of chromosomes
Fragile site with signals
Proximal | Both sides| Distal
AC123909/
FRA16C 5 R 12
AC021035/
FRAIOE b o

FIG. 5. Colocalization of rare and common fragile sites at 16q22.1
and 10q25.2. Examples of hybridization signals proximal and distal to
aphidicolin-induced gaps and constrictions at FRA16C (A) and
FRAIOE (B) in GM00847 cells are shown. FISH analyses were per-
formed with FITC-labeled BACs as indicated in panel C. Signals distal
(left panels) and proximal (right panels) to the fragile sites (indicated
with an arrow) are shown. The numbers of chromosomes with sig-
nals proximal, on both sides and distal to the fragile sites, are given in
panel C.
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and the AT-dinucleotide-rich flexibility islands of common
fragile sites, we analyzed the potential of the latter to form
such structures. For that purpose, we used the MFold program
to predict the optimal folding of single-stranded AT-dinucle-
otide-rich flexibility islands into DNA secondary structures
(hairpins). We found that AT-dinucleotide-rich flexibility is-
lands of >200 bp may readily fold into secondary structures
(Fig. 3B), which are significantly more stable than same-length
random sequences with the same base composition (P < 0.01;
see Materials and Methods). Hence, the sequence of the AT-
dinucleotide-rich flexibility islands, rather than their base com-
position per se, contributes to the stability of the secondary
structures.

DISCUSSION

Here we show that common fragile sites and rare fragile sites
harboring AT-rich minisatellite repeats may share the same
molecular basis. Our results suggest that the sequences in rare
and common fragile sites share features that contribute to their
sensitivity to replication perturbation, leading to fragility. Since
their discovery, fragile sites have been classified as rare or
common, depending on their frequency within the population
and their mode of induction. Based on the results presented
here, we suggest that fragile sites can be classified according to
the sequences that contribute to their fragility. Several fragile
sites harbor CGG repeats, whereas others harbor AT-dinucle-
otide-rich sequences. In rare fragile sites, these sequences are
organized as long uninterrupted repeats, whereas in common
fragile sites they are organized as interrupted shorter repeats
(Fig. 3A). We base our suggestion on molecular analysis, which
showed that normal alleles of the FRA16B and FRA10B rare
fragile sites colocalize with the aphidicolin-induced common
fragile sites FRA16C and FRA10E, respectively. Moreover, we
found that four of five yet-uncloned rare fragile sites induced
by BrdU and/or distamycin A are cytogenetically colocalized
with aphidicolin-induced common fragile sites (Table 5), sug-
gesting that these rare and common fragile sites also span the
same genomic regions.

Identification of the sequences that confer fragility at rare
fragile sites was relatively straightforward, since these sites
appear in a small fraction of the population and thus could be
identified by positional cloning. Elucidating the molecular ba-
sis of aphidicolin-induced common fragile sites was more dif-
ficult since common fragile sites are part of the normal chro-
mosomal structure. Previous studies have shown that common
fragile sites are enriched in clusters of sequences with high
DNA flexibility (35-38, 45). In the current study we show that
these flexible sequences are composed of AT-dinucleotide-rich
sequences of various lengths. The sequence of these AT-dinu-
cleotide-rich flexibility islands show high similarity to the
FRA16B and FRA10B expanded repeats. It is no surprise,
therefore, that the AT-rich sequences of rare fragile sites were
found by TwistFlex to be highly flexible. However, the se-
quence organization of rare and common alleles differs. Ex-
panded alleles of rare fragile sites harbor tens of kilobases of
uninterrupted repeats, while the common fragile regions are
enriched in clusters of short AT-dinucleotide-rich islands or
contain single (several-kilobase-long) such islands, as in the
case of the common fragile sites FRA16C and FRA10E. These
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results suggest that common fragile sites that harbor uninter-
rupted AT-dinucleotide repeats might in rare cases evolve (by
expansion of these repeats) into rare fragile site.

What can be the role of the AT-dinucleotide-rich flexibility
islands in the mechanism of fragility? The folate sensitive rare
fragile sites consist of expanded CGG repeats in tandem.
These alleles replicate very late, at G,, which is later than the
normal alleles at these sites (20, 21, 51). The CGG repeats can
adopt non-B DNA structures (quadruplex DNA and hairpins)
that inhibit replication fork movement both in vitro and in vivo
and thus cause the delayed replication (47, 55). Similar late
replication was found for the expanded AT-rich repeats in
FRA16B and FRA10B (18), further supporting their involve-
ment in the mechanism of fragility. Furthermore, the expanded
AT-rich repeats at FRA16B and FRA10B were suggested to
form hairpin structures that contribute to their expansion and
fragility (25, 60). In common fragile sites, aphidicolin causes a
delay in replication accomplishment along the fragile regions;
hence, a significant portion of the fragile regions is unrepli-
cated in G, (23, 24, 31, 56). Furthermore, the replication along
common fragile regions is perturbed even under normal
growth conditions (23), indicating that these sites harbor se-
quences with intrinsic features that might lead to delay in
replication. Recently, Casper et al. (4) provided evidence that
aphidicolin-induced common fragile sites on metaphase chro-
mosomes represent unreplicated DNA resulting from stalled
replication forks that escape the ATR-dependent replication
checkpoint (4). The results of the present study indicate that
the AT-dinucleotide-rich flexibility islands might lead to rep-
lication perturbation in common fragile sites. Two features of
these sequences might contribute to their sensitivity to repli-
cation perturbation. The first is their high DNA flexibility.
AT-dinucleotide runs were experimentally shown to be more
flexible than random DNA (6) and thus can act as sinks for the
superhelical density generated ahead of the replication fork in
its progress. Accumulating superhelical density can hinder ef-
ficient topoisomerase activity and decrease the processivity of
the polymerase complex (2, 14). This perturbation is expected
to be enhanced in the presence of low levels of aphidicolin,
which inhibits the activity of polymerases a and §. The second
feature of the AT-dinucleotide-rich flexibility islands that
might contribute to fragility is their potential to form second-
ary structures upon unwinding of the double helix (Fig. 3B).
Interestingly, several studies have shown that, upon replication
arrest by aphidicolin, the separation of the DNA strands ahead
of the replication fork can continue up to several kilobases (8,
33, 57). This might facilitate the formation of DNA secondary
structures in the AT-dinucleotide-rich sequences. Such sec-
ondary structures are expected to perturb the progression of
the replication fork (5, 26, 30). The appearance of gaps and
constrictions at common fragile sites after replication stress
might reflect incomplete or delayed resolution of stalled rep-
lication forks. In the present study we pinpoint the sequences
that might be involved in replication perturbation. However,
the reason why these sequences might escape the ATR-depen-
dent replication checkpoint as shown by Casper et al. (4) has
not yet been investigated.

As mentioned above, the generation of secondary structures
was suggested for the AT-rich minsatellite repeats of FRA16B
and FRAI10B (25, 60). Importantly, distamycin A, as well as



7150 ZLOTORYNSKI ET AL.

other minor groove binders that can induce the expression of
several rare fragile sites, was shown to inhibit the activity of the
Werner and Bloom helicases known to unwind unusual DNA
structures (reviewed in reference 10). This indicates that un-
usual DNA structures at fragile regions play an important role
in the replication perturbation, leading to fragility.

The flexibility analysis of large genomic regions performed
in the present study clearly showed that fragile sites are signif-
icantly enriched in clusters of AT-dinucleotide-rich flexibility
islands. Their potential to perturb replication might depend on
the length of these islands, their number within the clusters,
and the number of clusters along the regions. The effect of very
long AT-dinucleotide flexibility islands, such as those found in
FRA16C and FRA10E, might be comparable to that of flexi-
bility clusters, sufficient to cause replication perturbation upon
aphidicolin induction, leading to fragility. Interestingly, spon-
taneous expression of FRA16B and FRA10B can be found in
cells of individuals with expanded AT-rich repeats, indicating
that these repeats are sufficient for replication perturbation,
which can be further enhanced by the inducers of fragility.

It is important to note that there are other regions in the
human genome, such as those harboring expanded non-CGG
trinucleotide repeats, that are highly flexible (2) and that have
the potential to form DNA secondary structures (39), which
were not found, thus far, to express fragility. This might indi-
cate that such DNA structures are necessary but not sufficient
for fragile-site expression. However, these regions might have
the potential to express fragility under conditions which are yet
unidentified.

Previous DNA flexibility analysis (36) and the analysis per-
formed here on sequences mapped to R-bands revealed that
fragile regions are enriched in flexibility clusters compared to
nonfragile regions. The inconsistency in replication progres-
sion between fragile and flanking nonfragile regions might
contribute to fragility. In the current study a similar difference
in the flexibility pattern was found for fragile and nonfragile
regions mapped to G-bands.

In summary, the results presented in the present study pin-
point the sequences that may contribute to the fragility of
common fragile sites and indicate a general basis of fragility for
rare and common fragile sites induced by different replication
inhibitors.
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